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INTRODUCTION 
Conventional piezoelectric based ultrasonic systems have been extensively employed 
for material characterization. These systems however, have been challenged by the recent 
need to rapidly scan large areas of new materials such as composites having complex geome-
try. A promising candidate addressing this issue is laser ultrasonics. Though laser ultrasonics 
is not new and has generated considerable research interest in the past two decades, its in-
dustrial acceptance has been limited. Among its many benefits, laser ultrasonics promise the 
flexibility of a couplant free inspection system. Pulsed lasers, in particular, otTer energy 
concentration at high repetition rates which can be readily directed at any location on the 
specimen for interrogation purposes. The detection of laser ultrasound is usually done 
through Michaelson or Fabry-Perot type interferometric systems. Though these detection 
systems have the advantage of couplant free detection, they constitute a major component of 
system cost owing to the precision required. The sensitivity of such systems are also not 
satisfactory. 
In this paper we study the feasibility of using an ultrasonic system for following the 
mold front of a Reaction Injection Molding (RIM) or Resin Transfer Molding (R TM) process 
in real time. Since the speed of mold front progression is relatively high, we need a rapid 
scanning mechanism which would allow us to follow the mold front closely. Secondly the 
interrogation should be nondestructive in nature and be suitable for industrial environment. 
These requirements are readily met if a pulsed laser such as Nd-Y AG is used for ultrasound 
generation in the elastodynamic regime. However, the detection system needs to be replaced 
by conventional large size piezoelectric transducers. This simplifies the design, reduces the 
cost of the system and delivers superior sensitivity to acoustic displacements. 
The characterization of mold front ill-situ would prove invaluable in terms of pertinent 
information gained during manufacture. Information relating to mold front location, viscosity, 
and degree of cure of resin/matrix can be used to partake automatic corrective measures 
leading to zero defect parts at production line speeds. Vital information relating to fiber 
orientation, movement of mold front around obstacles, presence of voids and porosity can be 
obtained from the data generated during the manufacturing stage. In addition this system can 
be a design tool to study the etTect of design parameters such as channel widths, riser heights 
and gating locations on mold quality and production speed. This allows the designers to 
simulate real world conditions without the need to prototype extensively. 
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BACKGROUND 
Laser ultrasonics is a rapidly emerging area of nondestructive testing and has been 
studied extensively by several researchers [1-2]. Lasers can be used to generate a wide vari-
ety of both bulk (longitudinal and shear) and guided (Rayleigh, Lamb, Love, etc.) waves 
depending on the experimental configuration. For most ultrasonic applications, one generally 
wishes to generate a longitudinal bulk wave propagating normal to the generating surface. 
Longitudinal wave propagation is enhanced when the effects of the laser penetrates beyond 
the surface into the depth of the material. Typically, Nd-YAG or COzlasers are used for the 
excitation depending on the target material. McKie et.al., [3] have compared Nd-Y AG and 
CO2 generation for composite materials and conclude that while the longer pulse length 
associated with CO2 generation precludes the introduction of surface damage, the maximum 
pulse amplitude obtained remains roughly 20% of the amplitude observed for Nd: Y AG. 
A variety of models have been developed to predict the behavior of laser generated 
acoustic pulses generated either thermoelastically or via ablation. Birnbaum and White [2] in 
their review paper give the following expressions for the stress pulse amplitudes for several 
different configurations. 
A). Thermoelastic Regime - Free Surface 
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From the expressions, one observes that ablation produces ~ulses of significantly larger ampli-
tude than thermoelastic generation principally due to the Po rather than Po dependence of 
the stress amplitude. Further, in the thermoelastic regime, constraining the surface motion 
enhances longitudinal signal generation (at the expense of guided wave generation such as 
Rayleigh waves). This enhancement is typically on the order of35dB. 
Optical detection of acoustic pulses has been demonstrated for quite some time [4]. 
However, the limited sensitivity of optical detectors has significantly limited the practical 
applications of the technique. Wagner [5] has studied the factors limiting the optical detect-
ability of acoustic waves. He concluded that optical detection can be enhanced by increasing 
the reflected power from the specimen surface (via changes in reflectivity or surface finish), 
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improving the detector design, increasing the power in the detection laser or decreasing the 
acoustic bandwidth. 
The input of the limitations for receiver sensitivity on composite molding experiments 
can be directly seen in the results of Addison et. at. [6]. These investigators used optical 
systems for both generation and sensing for a resin transfer molding experiment. However, 
the lack of receiver sensitivity precluded the use of the signal transmitted through the mold. 
Instead, these investigators used the reflection of the acoustic signal at the mold-resin inter-
face to examine the progress of mold filling operations. While this approach was capable of 
studying the progression of the resin through the mold, it was less useful for examining the 
solidification process behind the mold front. This lack of receiver sensitivity is the principal 
motivation behind the development of the hybrid system in this study. 
EXPERIMENT AL PROCEDURE 
A schematic for the hybrid laser scanning system is shown in Figure 1. The 
system is built around a high-power Q switched Nd-Y AG A = 1064 nm) laser with a maxi-
mum pulse energy of 200mJ operating at a repetition rate of 50 Hz. Since operating the laser 
at peak energy produced surface ablation, we deviated from the laser's optimal condition by 
adjusting the Q switch delay from 160 Il s to 120 Il s. In this way we were able to obtain useful 
acoustic pulses strictly from local thermal expansion without damaging the target surfaces. 
Figure 2a shows the piezoelectrically sensed acoustic waveform from the laser source in a 
112" thick aluminum sample. The FFT for this pulse is shown in Figure 2b and illustrates the 
wide band nature of the pulse after being conditioned by a low pass filter (3 MHz) to elimi-
nate ambient noise. X-Y scan was achieved through the use of a computer driven mirror 
system. The system employs a single Nd-Y AG compatible mirror attached to a mount with 
galvanometrically controlled angular motion to provide one rotational axis of motion. By 
200mJ 8 n. 
Nd - YAG -+-
Specimen 
Figure 1. Hybrid laser scanning system. 
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Figure 2a. Typical signal in AI sample 
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Figure 2b. FFT of signal in AI sample 
mounting the galvanometer assembly on a track with a stepper motor driven translation 
capability, the second axis for the scan was achieved. A laboratory microcomputer interfaced 
to both the galvanometer and stepper motor was used to synchronize, control and monitor the 
motion of the laser beam. Scanline height was controlled by the distance of the sample from 
the mirror. The mirror could be rotated from _20° to +20° in 256 steps in increments of 0.2° . 
Hence at a distance of6 ft, a vertical resolution ofO.250in, (with finer resolution possible for 
smaller coverage areas). The number of scan lines and spacing between scan lines was ad-
justed to provide full coverage in a reasonable amount of time. Though the effective area of 
scan was governed by the size of the transducer, horizontal and vertical spacing could be 
arbitrarily adjusted, for reasonable part sizes, to the spot diameter of the laser. Data acquisi-
tion was achieved via the use ofa high speed, transient digitizing board. One of the unique 
features of this board is a peak follower circuit which allows one to digitally determine signal 
amplitude and transit time for a well defined acoustic arrival using hardware comparators, 
alleviating the need for in memory processing. Clearly some information carried in the acous-
tic signal is lost in absence ofa detailed analysis of the full waveform since relatively simple 
time or amplitude discrimination for a single peak is utilized. However, the significant in-
crease in speed 50 ~ s for 512 points more than offsets this disadvantage. With this feature, 
we can obtain the needed time and amplitude information from the digitized waveform within 
20ms while the laser is being repositioned to its new position for the next laser pulse allowing 
scanning to be done at the rep. rate of the laser. 
A large scale, monolithic piezoelectric elements were used as the sensor for these 
tests. Two transducer geometries were studied with one being a 2in diameter, 100 KHz 
center frequency circular element and the other being a 4in X 12in, I MHz center frequency 
rectangular plate. The transducers were used as raw elements, without backing, hence as 
resonant devices. The transducers were coupled to the back side of the target using a propyl-
ene glycol couplant. The main advantage associated with the use of a monolithic element is 
the ability to maintain high sensitivity over a large area without needing to either move the 
transducer or multiplex multiple transducers in a sensing array. The key here is making sure 
that the response of the transducer is uniform from point to point. This was not found to be a 
problem with either element studied. With this approach, the location of the point being 
interrogated is determined solely by the laser site. Since the laser beam position is readily 
changed in a precisely controlled fashion via the 2-0 computer controlled optical positioning 
system, high speed ultrasonic scans can be readily achieved. 
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RESULTS AND DISCUSSION 
Two different sample geometries were studied in this investigation. The first sample 
was an aluminum plate with 1/2in wide by 1/4in deep slot milled in the center as shown in Fig. 
3. A series of waveforms captured along a line of scan is shown in Fig. 4 where differences in 
transit time and amplitude could be identified when the laser impinges at different locations on 
the sample. Signal transit time differences are clearly introduced by the shorter acoustic path 
in the region of the milled slot and amplitude differences are attributable to the diminished 
attention for the shorter acoustic paths for the slot. These differences identify the slot. An 
ultrasonic image of the slot is shown in Fig. 5. 
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Figure 3. Sample geometry (slot) 
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The second sample was an plexiglass mold with a control cavity as shown in Fig. 6. 
Here, we desire to determine the position of the mold front (and ultimately the degree of cure 
of the resin behind the mold front). We used the differences in acoustic path to distinguish 
when we were over a filled or unfilled region of the mold. When the laser site is over a filled 
region, the fluid acts as a couplant for direct wave propagation across the mold. However, 
when the liquid is absent, the waves must either travel completely around the mold to get to 
the pick up or travel to a point beyond the mold front where acoustic energy can propagated 
across the mold to the opposite surface of the mold and the sensor. This is clearly illustrated 
in the scanline shown in Fig. 7 which is composed of a sequence of gated waveforms captured 
along subsequent beam strike locations. This information is used in producing the images 
shown in Fig. 8 which follow mold front progression. These results demonstrate the utility of 
the technique. 
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Figure 6. Mold geometry 
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Figure 8. Ultrasonic images of mold filling 
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Figure 8. Ultrasonic images of mold filling (cont' d) 
CONCLUSIONS 
From the results that we have shown, it can be concluded that it is possible to use laser 
excitation for ultrasonic detection of degree of cure and mold front progression of a viscous 
system. We have addressed concerns about the sensitivity ultrasonic detection through the 
use ofa hybrid system of ultrasonic generation and reception. This also permits us to address 
another critical concern regarding scanning speed. Laser generation affords us rapidly posi-
tioning capability. It is also possible to extract relevant information from a digitized signal in 
the interval the beam is repositioned. This, we believe, would allow us to closely follow the 
progression of a mold front in such practical situations as RIM and R TM. As an added 
benefit, we would have the information about the degree of cure at various locations simulta-
neously available. 
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